and dilation in the film plane. The tension and dilational modulus were compared with classical, equilibrium values in the first rigorous comparison of its kind. Various effects suggested that the two moduli were affected by rather different relaxation processes : discrepancies between the light scattering and equilibrium values of the two elastic moduli occurred in different states of the monolayer, and the two surface viscosities (both zero for the clean subphase) behaved very differently on monolayer compression. These effects were observed to be frequency dependent. In the fully compressed monolayer state the transverse shear modulus was characterised by an exponential relaxation, of time scale ~ 9 03BCs. This relaxation time fell exponentially on monolayer expansion, reaching 100 ns for molecular areas ~ 60 Å2. Slower processes than these were rigorously excluded. The dilational modulus was generally less well determined than that affecting transverse shear. However in the expanded monolayer state, the data sufficed to demonstrate much slower relaxation, 03C4 ~ 290 03BCs. Possible molecular mechanisms are briefly discussed.
The viscoelastic properties of a molecular film at a liquid surface are of considerable interest, both intrinsically and for the light which they may shed upon the phase behaviour of these systems. They are macroscopic manifestations of the intermolecular interactions within the film, and perhaps between the film and the adjoining fluid. Even for a surface which is isotropic within its equilibrium plane there exist, in principle, five separate independent surface moduli [1] , each of which may comprise elastic and viscous components [2] . In practice this variety has not been exploited in experimental studies of amphiphilic monolayers. The commonest surface properties observed have been the surface tension and that surface viscosity relating to shear strain within the monolayer plane [3] . This paper concerns the determination from a single experimental observation of four different surface properties, comprising two viscoelastic moduli. These correspond to the surface tension and to the dilational modulus of the interface, together with the corresponding surface viscosities.
The surface of any liquid is continually roughened by molecular agitation. The random surface can be Fourier decomposed into a complete set of capillary modes. Such thermally excited waves, whilst of microscopic amplitude, scatter light appreciably. The spectrum of the light scattered by a surface mode of defined wavenumber reflects the temporal evolution of that wave, and thus carries information upon the relevant liquid or surface properties [4] .
Systems studied include those in which the tension of the surface or interface and the viscosity of the bulk fluid or fluids were inferred from the light scattering data (see [4, 5] for recent reviews). Here we will be concerned with specifically surface effects such as arise in molecular films.
Capillary waves are governed by the restoring force of surface tension and are damped by viscous dissipation within the bulk liquid. However other, specifically surface viscoelastic properties influence capillary waves. In particular Goodrich [6] postulated that the surface tension and the dilational elastic modulus of a molecular film must be expanded as viscoelastic moduli. This has been verified on the basis of microscopic arguments [7, 2] . The temporal evolution of capillary waves is thus governed by four specific surface properties, two being the tension (yo) and dilational modulus (so) and two being viscosities (y' and E') associated with these quantities.
Monolayer covered liquid surfaces (including fatty acid [8] [9] [10] [11] , lipid [10] [11] [12] [13] and polymer [9, 14] monolayers) have been studied by light scattering from capillary waves. In nearly all cases these studies have involved spreading a very expanded monolayer and subsequently monitoring the changes in the light scattering spectrum as the monolayer was compressed. Both correlation techniques [12, 8, 10] and spectrum analysis [9, 11] have been used to estimate the capillary wave frequencies (wo) and damping constants (r). From these two observables up to four surface properties have been extracted. Such analyses have incorporated essentially arbitrary assumptions or data from other experiments:
(1) information from other experiments concerning some of the properties (e.g. yo, eo) has been used to constrain the interpretation process [8] [9] [10] .
Unfortunately it appears that the values of yo and Eo affecting the capillary waves probed by light scattering may not be identical with those found in classical experiments. For example molecular relaxation processes may involve a yo(w) which differs from the equilibrium tension value [15] . Similarly, diffusive interchange of surfactant molecules between surface and subphase will cause e to be frequency dependent [16] ; (2) similarly, whilst a particular surface property (e.g. y') may be zero for the case of a specific amphiphile, this cannot be assumed to be true in general ; (3) the various surface properties affect the dispersion behaviour of w with q. Measurement of wo and T as functions of q should thus, in principle, determine these properties better than an observation at a single q [17] . Unfortunately, frequency dependence of these surface properties may modify the dispersion behaviour [15] . The characteristic effects of the various properties will thus not be easily discernible.
Unfortunately there can in general be no unique interpretation of two experimental observables in terms of four physical properties, except perhaps in very special circumstances.
The monolayers used in this work are formed of the neutral lipid glycerol monooleate (GMO). Both mono-and bimolecular films of this lipid have previously been studied by light scattering. Black lipid films of GMO provided the first unambiguous evidence for the existence of an interfacial viscosity associated with the modulus governing shear normal to the interface plane (tension) [18] . Subsequent studies of such films have shown viscoelastic relaxation of this modulus [15] . The phase transitions of GMO (--16° C) in both bi-and monomolecular films have been studied [19, 13] . The present experiments are restricted to room temperature, well above this transition, where the classical surface pressure-area isotherm of GMO is well established [20] [21] [22] [23] .
This paper concerns two major points :
(1) a relatively novel approach to data analysis for monolayer covered surfaces [24, 25] , an extension of a method successfully applied to interfaces [26, 27] for which only the interfacial tension and the viscosities of the bulk fluids affect the capillary waves. For the monolayer case the physically interesting parameters of the fit are the two surface moduli mentioned above (each comprising elastic and viscous portions). Here we demonstrate the practicability of extracting all four surface properties ab initio from a single observation of the spectrum of the scattered light. Where possible, the surface properties thus deduced are systematically compared with data obtained by classical methods ; (2) Experimentally waves of real q propagating in the x direction are selected for observation, their temporal evolution being characterised by the frequency w (= w 0 + i F ). This is related to q via the dispersion equation, which is [4, 28] : where y is the surface tension, q the viscosity and p the density of the liquid, and In equation (2) , E is the dilational modulus of the monolayer, A being the molecular area in the film.
The spectrum of the light scattered by the thermally excited capillary waves reflects their temporal evolution. For a monolayer covered surface the spectrum is an explicit function of the surface properties y and e [4] :
While the spectrum is approximately Lorentzian, the deviations of P (w ) from that form are well established [29, 26] . The several surface properties affect P ( w ) in different and characteristic fashions. As will be seen below, this fact permits a single experimental observation of the spectrum to be analysed in terms of the four properties affecting P ( w ). In our experiments we measure the field correlation function of the scattered light, which is the Fourier transform of P(w).
2.2 SURFACE PROPERTIES. -By analogy with the three-dimensional case, e corresponds, for isotropic strain, to the modulus of hydrostatic compression in the plane of the film (K), whereas for uniaxial strain it also involves [30] the corresponding shear modulus (S ) :
Capillary waves restricted to the x -z plane involve uniaxial compression and dilation, so that the appropriate value of E will be Buniaxial. The value of e appropriate to the measurement of a monolayer isotherm will depend upon the exact nature of the strain applied [31] . In practice, apart perhaps from highly compressed, « solid » mono layers, Swill usually be negligible. Despite these complications, 8 will here be referred to as the « dilational modulus » for brevity.
As pointed out by Goodrich [6] [6] or as surface excess properties arising from the microscopic inhomogeneity of the fluid interfacial region [7, 2] . Theoretical predictions of their magnitudes are not available.
The dilational modulus affects the capillary waves because these waves couple to longitudinal fluctuations of the film [28] . This coupling has been treated elsewhere [4, 32] and we simply present some results useful for the discussion of experimental data. As Eo increases (relative to a fixed yo) both the wave frequency wo and the damping r vary (Fig. 1 [33] , an oscillatory stress (T(t) = T * e' w') and strain (u (t ) = u* eiwt ) are related via a complex dynamic modulus G*(w):
In the present context the storage modulus G'(co) can be identified with yo (or 80) while the loss modulus G"(w) corresponds to w y' (or toE'). [36] where g (') (,r ) and g (2) where the phase term 0 (small and negative for these data) accounts for most of the deviations of P(w) from an exact Lorentzian form [12] . Such estimates of wo and T are known to be unbiassed [40] .
The exact spectral form of equation (5) was also used in fitting experimental data. The applicability of such analysis to experimental data is as yet in its infancy : systems involving only yo and q have been investigated [26, 27] , but the extension to filmcovered surfaces or interfaces is relatively novel [13] . We [26] in equation (13) . Here [24, 25] suggested that this analysis was stable and robust. For data of reasonable quality (random errors on G (,r ) -1 % of amplitude A) the surface properties used to generate the data were adequately recovered. For only one combination of surface properties were erroneous solutions found in these tests [25] , and even then the majority of fits gave accurate estimates of the properties. This Experimental correlation functions for light scattered by capillary waves on the free surface of water were analysed (Fig. 2) . G ( T ) was divided by f(T), evaluated for the known properties of water, yielding h ( T ). These estimates of h ( T ) were somewhat noisy, particularly around the zero-crossing points of G(,r). However h ( T ) was clearly linear in T 2, the slope giving j8 = 4 480 s-1 (within 2 % of that from the direct fitting procedure). This Gaussian h ( 7-) is shown in figure 2 [41] . The trough (1) when using a barrier to compress a monolayer to high surface pressures (a 40 mN/m) some problems were encountered with film leakage ; (2) as the barrier approached the illuminated area of the surface the meniscus might have altered the surface curvature and thus the q studied. The method of successive additions completely eliminated both of these problems. As will be discussed below the successive addition method gave essentially identical results to compression (after relaxation of the monolayer to equilibrium following compression).
For comparison with the results inferred from the light scattering observations the surface tension was measured with a 2.5 cm square roughened platinum foil Wilhelmy plate and a Joyce Loebl microbalance. The system was tested using clean liquids. The surface pressure was determined to better than ± 0.1 mN/m. 4 (x) determined by the direct analysis of the correlation functions (observed at q = 320.6 cm-1) agree excellently with the classical data. Values (9) found using the approximate relation (Eq. (21)) with the capillary wave frequencies ( wo ) are discussed in section 5. with literature data [20] [21] [22] [23] functions (Fig. 4) emphasizing the agreement of yo with the classical values. The e' data are shown in figure 8 . Despite the relatively poor precision of the data, the two surface viscosities clearly behaved very differently upon monolayer compression, presumably dupe to differences in the underlying molecular mechanisms. figure 14 . The ir -TS variation is basically piece-wise linear for GMO (as found for DMPC [42] [20] [21] [22] [23] confirms both these gradients and the location of the breakpoint. These features seem to be well-founded, whereas the extent and magnitude of the initial increase at low rs seem somewhat more variable.
The all-trans GMO molecule is about 22 A long [43] The gradient of 7 kT in the condensed monolayer phase is attributed to some 7 C-C bonds freely undergoing rotational isomerisation. The 18-C atom oleic acid moiety of the GMO molecule has a double bond at the 9-10 position, so that the configurational freedom may be restricted to that half of the GMO molecule remote from the water surface. Where d7r/dF, -4.5 kT the. acyl chain is more restricted.
This cannot be due to increased pressure from adjacent molecules, and presumably arises from a tendency of the molecules in the more expanded monolayer to partially recline upon the surface, reflecting the appreciable adhesion between the hydrocarbon chain and water. The configurational freedom of that part of the acyl chain lying upon the water would be considerably reduced, explaining the lower d7rldF,. Fig. 6 ), y' tended to be low (Fig. 9 ) and E' was always zero (data not shown).
The eo values were well determined, being close to the maximum of the sensitivity to so (Fig. 1) [12, 11] have therefore used the first order approximation to deduce « apparent » tension values. This is rather unsatisfactory (see Fig. 3 ), as wo is somewhat af-fected by co (Fig. 1) Fig. 3) . [35] , AT = y' q 3/ (2 p ), so that light scattering becomes increasingly sensitive to y' as q is raised. The q value involved (320.6 cm-1 ) is not large, and y' cannot be very precisely determined (Fig. 7) .
On monolayer compression, the viscosity y' rose from zero for the clean subphase to a broad maximum (y'-4 x 10-5 mN s/m) for A about 300 AZ to about 80 A2. The [8, 10, 12] . It has been suggested [44] that a previous report of this surface viscosity [9] [45, 46] ) would only change the apparent tension bey -10-7 mN/m over the q range covered.
(Similar conclusions hold for black lipid films of GMO [15] .) Various ways of presenting the data emphasize different aspects of the results. Viscoelastic and dielectric relaxation processes are exactly analogous, permitting the adoption of methods used in the latter field [47] to reveal the adequacy of a simple exponential relaxation model (Maxwell model).
(1) The basic data are shown in figure 13 , together with the Maxwell fluid relations (Eqs. (10) and (11)) which fit the data. The parameters of the leastsquares fit were Ge = 27.48 mN/m, G = 0.99 mN/m and T = 8.9 03BCs. The classical, Wilhelmy plate tension (= 27.51 mN/m) was not used in fitting the data: it is entirely compatible with Ge ;
(2) the modulus G*(w) should describe a semicircle in the complex plane (Eqs. (10) and (11)), centred upon the real axis (the Cole-Cole plot). Figure 16 shows such a plot, including the semicircular trajectory expected for the parameters cited. Within the errors, the data are compatible with the hypothesis of a single exponential relaxation process ; (3) a plot of G" against log (w 0 . 7-) will also show departures from ideal single exponential behaviour [47] . The experimental data (Fig. 17) figure 17 show that slower processes cannot significantly contribute to the relaxation. However, it should be remembered that yo showed a very slow relaxation which has been subtracted from the data of figure 13 . The present data only extend to wo T -3, so that much faster relaxation processes cannot be excluded. (10) and (11) Substitution of T back into equations (10) or (11) permits G to be evaluated. Clearly 039403C0 and y' should be as precisely determined as possible. As already noted, the precision of y' should increase with q, so that the data at q = 1 160 cm-1 was analysed. Values of T and G found for all data with non-zero A-ff are plotted against 7T in figures 18 and 19. The straight line in figure 18 (a weighted leastsquares fit) represents the data quite adequately :
T appears to increase exponentially with 7T, the growth constant being 0.119 ± 0.010 (mN/m)-1. It is more likely that the fundamental dependence is upon F,, to which 7r is piece-wise linearly related (Fig. 14) . Using the known d7r/dF, for w 2: 15 mN/m, the growth constant of T with TS is found to be 330 ± 30 (molecule/ A 2)-1. Between about 40 A2 and the collapse area, a 10 % change in A changes T by e 1. The closer molecular packing on compression restricts the rate of the relaxation mechanisms underlying the frequency dependence Fig. 18 . -A semi-log plot of T versus surface pressure for two data sets : (x) 1160 cm-1, Fig. 12 and (0) 968.5 cm-1, errors omitted for clarity, Fig. 11 . The line shown is a least-squares fit to all the data shown. of y. The solid line in figure 19 represents a plausible variation of G (the dashed lines indicating upper and lower limits), which reaches very large values as the monolayer is expanded. (10) and (11)). In the expanded monolayer region, A7r -0 could arise from either a vanishing G or a small T, while the non-negligible y' is incompatible with G -+ 0. It can be inferred that for Fs = 0.01 molecule/A2 , T must be s [28] . The precision of determination of both elastic and viscous parts of c is affected by several factors : 9 tests on simulated data [25] showed that 8 is particularly susceptible to the noise on the observed correlation functions. Better data would enhance the precision of estimation of both 80 and 8' . , , . the effects of E upon capillary waves decrease with increasing q, so that only data for modest q, at which the sensitivity should be relatively high, are shown ;
. the precision of determination of E also depends critically upon the magnitudes of both so (as «) and of E' (cf. Fig. 1 ). The variation of a deduced from the classical and light scattering Eo data is plotted in figure 15 . Non-zero values of the viscosity E' in the compressed monolayer state (Fig. 8) still further decrease the sensitivity of capillary waves to 60. (N.B. The relatively poor precision of determination of E is due to the indirect nature of its effects upon the capillary waves, and does not affect the determination of y). (Fig. 6) Fig. 6 ), associated with the phase separated regions mentioned above. The e data in this region will be further discussed below.
We turn now to the so data at intermediate areas Figure 15 shows that a ± 0.5 over all this region, so that the precision of so must be poor. Experimentally, individual correlation functions yielded values of so from 0 to 104 mN/m. This scatter on the individual data led to the errors shown on the average so values plotted in figure 6 .
The high frequency so data (q = 320.6 cm-1 ) are less than the equilibrium value whereas viscoelastic theory [33] indicates that the elastic modulus must increase with frequency. There also appears to be some conflict in this region between the two sets of data shown in figure 6 . (Fig. 1) and upon the noise on the observed correlation functions. For 1 or 2 % noise, E' cannot be found very precisely (even at low q) in the condensed monolayer [25] . Indeed figure 8 (Fig. 21) , whilst e' increases rapidly (Fig. 8) .
At all A, so appears not to vary with q (i.e. frequency). To (Fig. 21), c' (Fig. 8) [49, 11] , where the low frequency surface shear viscosity is negligible [50] . We tentatively conclude that the relaxation process in the expanded phase of GMO monolayers probably involves only hydrostatic dilation. . in a similar study [15] Comparisons with various other studies suggested that this relaxation involves melting of the lipid hydrocarbon chains. The apparent exponential speeding up of the relaxation on monolayer expansion was compatible with a reduction in the intermolecular constraints upon chain-melting. For A -100 A2 the upper limit on the relaxation time was shown to be -10 ns. As T fell on monolayer expansion, G became quite large (Fig. 19) , so that the high-frequency (wo &#x3E;. 1/,r) transverse shear modulus would greatly exceed the equilibrium tension. This simply reflects the difficulty of producing transverse shear strain in the monolayer on very short time scales ( 10 ns ). In all cases the low frequency limit of the light scattering yo data was consistent with the classical, equilibrium tension, demonstrating the absence in GMO monolayers of relaxation processes, affecting transverse shear, slower than that described here.
In the expanded monolayer phase the high frequency 80 [56, 57] 
